A two-stage vertical flow treatment wetlands system (French reed beds) was realized in [2012][2013] for the Orhei's town in Moldova. The treatment system occupies a total area of about 5 ha and operates in cold climate conditions during winter, with air temperatures below À20 W C. The first 2 years (2013-2015) of treatment performances for this system are presented here, with a particular highlight on the analysis of the commissioning phase and the operative choices taken along this period basing on the observed results. The specific classification of this application of constructed wetlands (CWs) for the primary and secondary treatment of municipal wastewater as a medium-large size system makes this technical report a relevant reference for demonstrating the possible extension to the highest numbers of inhabitants for the common application range of this family of technologies (CWs) for municipal wastewater. The observed performances for organic carbon (both as chemical oxygen demand (COD) and biochemical oxygen demand (BOD 5 )), suspended solids and ammonia removals in the whole first operational period consistently satisfied the national limits for discharge in rivers, respectively, with average values of 86%, 96% and 66%. The treated daily flow was measured in the range of 1,000-2,000 m 3 /d.
INTRODUCTION
Constructed wetlands (CWs) are nature-based treatment systems for water pollution control, where a variety of treatment processes take place simultaneously, such as filtration, sedimentation, and biological degradation, which all together effectively remove the contaminants in wastewater. The most diffused and efficient CWs are the subsurface flow (SSF) types, where the polluted water flows in between a packet of filtering media, usually gravel or sand, that fills extended basins planted with emergent macrophyte plants; the SSF avoids any issue related to odours or mosquito proliferation.
Two current limitations for the applications of CWs for treatment of domestic wastewater from medium and large towns relate to some general thoughts about the main problems associated with CWs, in particular, the relatively large land area required for their construction, the perceived maximum size that can be constructed and their perceived unsuitability for cold climates. As a matter of fact, CWs are indicated in many guidelines as being one of the best choices for small and medium size communities. However, theoretically, there are no upper size limits for their application for both secondary and tertiary treatment, except the availability of land and its cost. Despite this, there are several papers on large scale CWs aimed to nutrient control (Sim et al. ; Dunne et al. ; Kadlec ) , where the size of the installations is usually in the range of tens to hundreds of hectares, there is still worldwide a lack of application of CWs for secondary treatment of municipal wastewater for settlements above a few thousands of inhabitants. The largest reported systems in the scientific literature are treating urban agglomerates up to 5,000 inhabitants (Kadlec & Wallace ; Zhang et al. ) . French reed bed (FRB) systems, the technology specifically applied for the treatment plant studied in this paper, have been recently reported by Morvannou et al. () and Paing et al. () for treated populations up to 5,000 and 2,000 p.e., respectively, analysing the more than 3,500 operating treatment plants in France. There are, anyway, a few systems in operation in China that are treating, as whole treatment for municipal wastewater, settlements over 5,000 p.e., but still their performances are not reported in peer reviewed journals. This lack of evidence in regard to the CW wastewater treatment plants (WWTPs) for medium-large communities still has limited CW application to larger towns, indirectly confirming the general thought about the unfeasible use of CW as technology to treat more than 5,000 p.e. Despite different successful applications of CWs for wastewater treatment in a cold climate (e.g. Wallace et al. ; Jenssen et al. ) , there is still a general belief about the improper applicability of CW technology with external temperatures below zero.
The CW WWTP of the Ohrei Municipality (Moldova) faces temperature up to À27 W C and treats about 20,000 p.e.'s wastewater in about 5 ha, being one of the largest primary and secondary CW WWTPs worldwide. Through the analysis of the first 2 years of operation of the Ohrei CW WWTP, this paper aims: (i) to demonstrate that the treatment wetland technologies have, in reality, no specific limits of application in terms of number of treated inhabitants; (ii) to prove that if properly designed such systems can provide satisfactory performances also in cold climate operative conditions. In this way, we aim to evidence the feasibility of CW technology adoption for medium-large towns even in a cold climate, also providing interesting lessons learnt by this full scale system for future designers in this new frontier of CW application.
METHODS

Treatment plant
The Orhei CW design and supervision of the construction was promoted and funded by the World Bank, and was implemented by an international joint venture composed of Posch & Partners (Austria), SWS Consulting, Iridra, and Hydea (Italy). The realization of the plant was jointly funded by the EU, Moldavian Environmental Ministry and World Bank, for a total investment cost of about 5 million euro; the construction of the system has been tendered by the Project Implementation Unit and assigned to the German Joint-Venture Heilit -BioPlanta. A CW treatment technology was chosen to minimize the operational costs with the maximum affordable water tariff in the local economic situation, since the World Bank consultants have compared CW with other common systems (activated sludge plants, SBRs, and percolating filters). The available area for the facility realization was fairly flat and protected from possible flooding, without any houses or settlements for a radius of about 1 km. The CW WWTP was designed in 2010, when the population of the Orhei Municipality counted 33,300 inhabitants. The population connected to the water supply network was about 80% (26,640 inhabitants). A lower amount of population was connected to the sewer, approximately 55% of those served by the water supply network (14,652 inhabitants). According to local regulation, the wastewater production was estimated as a function of different categories of population on the basis of the provided services (from 95 L·person À1 day À1 without gas supply up to 360 per person for the richest families living in apartments with centralized hot water and increased requirements, according to local regulation SNips2.04.01-85; 93% are in the range of 95-150 L·person À1 day À1 ). As a result, total domestic wastewater production in 2010 was 1,623 m 3 /d (peak value 1,786 m 3 /d). Some industries were also connected to the sewer, for which a wastewater production of 487 m 3 /d (peak value 925 m 3 /d) was estimated (a fruits juices factory is mainly responsible for the industrial loads and the high organic contents, especially during the summer months, every year). From the pollutant load point of view, an average total organic load of 700 kg BOD5 /d (peak value 1,200 kg BOD5 /d) was estimated on the basis of monitored data from 2007 to 2009. Therefore, the CW WWTP was designed to treat a hydraulic load of 2,100-2,700 m 3 /d and an organic load up to 1,200 kg BOD5 /d, i.e. up to 20,000 p.e.
Up to now, the works to disconnect the sewer from the old WWTP to the new CW WWTP have still not ended. Indeed, the hydraulic load received by the CW WWTP was lower compared to the design values, as visible in Figure 1 . The statistical analysis of the time series (Table 1) reports an average hydraulic load of 1,014 ± 275 m 3 /d, with a peak value up to 1,926 m 3 /d.
The area in which the CW WWTP is located faced both very high (up to 45 W C) and very low (up to À27 W C) temperatures in summer and winter, respectively. The daily minimum (at 7 o'clock in the morning) and maximum (at midday) temperatures have been measured from 27 November 2013 to 12 September 2014, showing a mean minimum temperature of 8 ± 10 W C and a mean maximum temperature of 19 ± 14 W C ( Table 2 ). Note that CW WWTP must face lower temperature than those reported in Table 2 , since the air temperature is expected to be significantly lower during the night.
According to the recent Moldavian law on wastewater regulation of 2013, the CW WWTP must respect the following limit for discharge: total suspended solids (TSS) < 35 mg/L, chemical oxygen demand (COD) < 125 mg/L, biochemical oxygen demand (BOD 5 ) < 25 mg/L. Since the water body in which the CW WWTP discharges is not classified as sensitive to eutrophication, no limits for discharge regarding nitrogen parameters need to be respected. However, the CW WWTP was also designed to significantly reduce the ammonium load to the receiving water body.
The CW treatment plant follows the so-called 'French scheme', originally developed by the French research institute IRSTEA (formerly CEMAGREF), which is a two-stage vertical flow (VF) CW system that allows direct application of raw sewage. The 'French scheme' does not need a primary sedimentation, using directly the first stage for sludge stabilization (Boutin et al. ; Molle et al. ) . The main advantage of this scheme is the onsite management of sludge, avoiding the need of sludge management (e.g. through thickeners, digesters, or sludge drying beds). Raw wastewater is distributed on the surface of a gravel vertical reed bed, that is loaded for 3-4 days and stopped periodically for about 1 week (a minimum of three beds are required, alternating the loading between the three sectors); during the resting period, the sludge that is accumulating on the top layer can be naturally dried and stabilized, recovering a sufficient hydraulic conductivity to receive the next loading cycle. On the surface, a sludge layer will grow progressively (with a rate of 1-2 cm/year), and is removed after 10 years or more; the sludge removal is performed by emptying one bed at a time and not stopping the plant's operation. If the CW with 'French scheme' is fed with domestic wastewater, the sludge can become a safe soil conditioner that can be re-used in agriculture (Molle et al. ). The 'French scheme' was selected as the best suited solution for to the specific conditions, ensuring a satisfactory treatment level during the cold winter periods, and treating locally the sludge with a substantial reduction of operational and maintenance costs.
The CW WWTP occupies a gross area of 50,000 m 2 , and according to the 'French scheme' is composed of two stages: a first stage with FRBs fed with raw wastewater, designed for high removal of TSS, COD, and ammonia; a second stage with VF subsurface CWs, to refine the treatment and to complete the nitrification. Four independent two-stage treatment lines working in parallel are present, with an FRB and VF area for each line equal to 4,489 m 2 and 4,248 m 2 , respectively. The only pretreatment is a grit removal stage, while classical primary treatment such as septic or Imhoff tanks have been avoided, according to the 'French scheme' guidelines and concept. The pretreated wastewater is sent to two equalization tanks of 1,200 m 3 with an intermediate pumping station. The aim of the equalization tank is to better distribute the daily and seasonal peaks, especially due to industrial peaks. The equalization tanks are equipped with mixers and aerators, for limited pre-aeration, and with four centrifugal submergible pumps, to independently feed the FRB first stage of each line. Four pumping stations feed the VF second stage with the effluent from the FRB first stage; each pumping station contains four centrifugal submergible pumps, to alternatively feed each VF sector. A chlorination stage with NaClO is installed for emergency disinfection. A final pumping system discharges the treated wastewater into a tributary of the Raut River. The plan layout of the treatment system is reported in Figure 2 . The CW WWTP is controlled remotely with a programmable logic controller (PLC), which permits: (i) to control every pumping station and mechanical equipment in the plant; (ii) to monitor the main hydraulic parameters to minimize energy consumption; (iii) to schedule maintenance operation; and (iv) to prevent malfunctioning events. The FRB first stage has been designed according to recommendations provided by Molle et al. () and Troesch et al. () ; the technical specifications are shown in Table 3 . A freeboard is present on the top of the FRB surface, to accumulate and mineralize the sludge (expected to be withdrawn every 8-10 years). The beds are loaded alternatively to maintain aerobic condition into the FRB beds, mineralizing the organic layer retained on the surface. To this aim, each FRB line is further divided in three sectors (total number of FRB sectors equal to 12). One sector of each line is parallel fed for a period of 3.5 days, with a subsequent resting period of 7 days (in which the other sectors start to be fed). The sectors are fed during the feeding period in batch: the volume of flush is sent to the FRB sector with different flushes according to a previously set feeding time and feeding stop and controlled by a PLC; when the flush volume is reached, the FRB sector has a resting period to properly infiltrate and treat the wastewater. Different feeding scheme for the FRB first stage have been tested from 2 October 2013 to 4 April 2015 (Table 4) , in order to identify the most suitable and efficient configuration of the feeding cycles.
The VF second stage has been designed according to oxygen transfer rates reported by Platzer () and Brix et al. () , and following the German guidelines for domestic wastewater (ATV ). The technical specifications of VF second stage are shown in Table 3 . In order to guarantee sufficient oxygen transfer for BOD 5 reduction and nitrification, the VF beds are fed in batch with an approach similar to FRB first stage, i.e. flush volume, feeding time, feeding stop and resting period set 'a priori' and controlled by a PLC. Even for the VF second stage, different feeding schemes have been tested along the whole observed period (Table 5 ). Due to some issues in guaranteeing the provision of sand with proper and homogenous size according to the original design during the construction phases, some additional tests have been performed to find the best feeding scheme for the VF beds after measuring the real hydraulic properties of the realized VF beds. The aspects related to the sand contained in the VF beds are explained in detail in the Discussion section.
Sampling campaign
Two different sampling campaigns (called hereinafter Phase I and Phase II, respectively) have been performed, monitoring TSS, COD, BOD 5 , and NH þ 4 pollutant parameters. Phase I lasted 16.5 months (from 4 October 2013 to 19 February 2015). During Phase I, samples have been collected with a high frequency from inlet, outlet of FRB, and outlet of VF (310 for TSS and COD, 172 for BOD 5 , and 71 for NH þ 4 samples among the different stages); Phase I aimed to define optimal future operational strategies (particularly for the cold winter periods), and test the relative removal efficiencies of the different stages. Phase II lasted 9 months (from 30 March to 30 December 2015). A monthly sampling frequency has been performed during Phase II, collecting only influent and effluent from VF second stage wastewater samples each last day of the month. Phase II aimed to highlight the overall system function once the final feeding setting has been chosen. 
RESULTS
The TSS, COD, BOD 5 and NH þ 4 concentrations measured at four sampling points of Orhei's CW WWTP are shown in Figure 3 . The concentration trends in Figure 3 clearly show constant performances along all the monitored period for TSS, while a straight increase in performances can be observed for the other three parameters in the time series, mainly driven by the adoption of more calibrated operational procedures during the months defined in this paper as Phase II. The outlet concentrations have complied with the national regulation limits for discharge in fresh water for all the period, including the commissioning phase (the first year). Note that, in order to ensure an adequate quality of the effluents still having to calibrate the treatment setup, during the commissioning phase, the treated daily flow was incrementally increased starting from about the 50% of the system capacity. Figure 4 and the statistical analysis reported in Table 6 analyse the Phase I and Phase II monitoring phases. Note that the number of samples collected for TSS and COD analysis (about 240) is considerably higher than for BOD 5 and NH þ 4 in the same phase (about 110) and even more clearly abundant in comparison to Phase II (ten samples only); therefore, the indications provided with the Phase II results interpretation have a lower statistical significance and must be consolidated by the study of the following monitoring period in the future. From the analysis of Phase I data, it emerges that the FRB first stage was highly effective in removal of suspended solids, COD, and BOD 5 (89.0%, 73.1%, and 73.0%, respectively, based on mean values), with a not negligible contribution of VF second stage (63.0%, 43.6%, and 41.8%, respectively, based on mean values). With regard to ammonium removal, FRB first stage provided a not negligible removal efficiency (32.4%, based on mean values), while VF second stage resulted in an important step in nitrogen removal with a high average nitrification rate of 43.6%. Comparing Phase I and Phase II results, similarly satisfactorily high removal efficiencies for TSS were observed (95.9% and 96.9%, respectively). Both average COD and BOD 5 removal efficiencies remained high from Phase I (84.3%, and 93.3%, respectively, based on mean values) to Phase II (93.3%, and 93.3%, respectively, based on mean values). An improvement was observed for average ammonium removal, increasing from 61.8% of Phase I to 94.4% of Phase II. The improvement of nitrification from Phase I to Phase II can be attributed to the selection of the most effective feeding scheme during the commissioning period (Phase I) especially for VF second stage filled with a sand not conform to the design values (see Discussion section), the development of a proper sludge layer (slowing the infiltration rate and increasing the hydraulic retention time (HRT) of FRB first stage), and the increase in influent pollutant load with increase in influent hydraulic load after the commission period.
A differentiated statistical analysis for the different seasons has been performed (Table 7 and Figure 5 ), highlighting a constant efficient removal of TSS, COD, and BOD 5 independent on the different seasons. On the contrary, the nitrification was extremely efficient in the hottest seasons (spring and summer), quite efficient in autumn and partially inhibited during the extremely cold winter season.
DISCUSSION
The extension in the application of treatment wetland systems to medium-large urban settlements should be interpreted keeping in mind that what is proven to work already for few thousands of inhabitants can be replicated, adapting the design to the local operative conditions, just adopting multiple parallel lines; for this specific case it is possible to compare the system to the ones described in the available literature if considering that each one of the four parallel lines will treat at full capacity about 5,000 p.e. The obtained overall removal rates for TSS, COD, BOD 5 and NH þ 4 , respectively 96%, 85%, 86% and 66%, are fitting the values obtained by Morvannou et al. () , of 93% for TSS, 87% for COD and 84% for TKN. Very close values were reported also by Molle et al. () (91%, 95% and 85% for COD, TSS and TKN, respectively) and Paing et al. () (96%, 93%, 93% still for COD, TSS and TKN, respectively). In the same way this up-scaled facility, in comparison to the systems operating nowadays in France, is presenting similar performances also for each stage; in fact, in the observed monitoring period (both Phase I and Phase II) the average removal rate of the first stage FRBs in Orhei was 89% for TSS, 74% for COD and 34% for NH þ 4 , comparable with 85% for TSS, 80% for COD and 62% for TKN observed at 169 full scale systems in France (Paing et al. ) .
The slightly lower performances in nitrification and organics oxidation for the overall treatment can be explained with the age of the system. During the start-up of this kind of system, the high TSS removal rates are mainly generated by the solids filtration at the surface of the first stage beds. The top sludge layer and its accumulation in the time period is reported as a factor that improves overall treatment efficiencies along the 8-10 year cycles of the beds management (Chazarenc & Merlin ; Molle ). Moreover, the nitrification result was more susceptible to low temperature. In the particular case of the Ohrei CW WWTP, no limitation for effluent nitrogen was present. However, an insulation layer on the top of the CW beds (e.g. standing dead plant -Kadlec & Wallace ) is suggested in case of law request for effluent ammonium concentration in a cold climate.
A mean diameter of 0.2-5 mm is usually adopted for the sand used to fill the VF beds (ATV ). For ensuring a proper functioning of the VF technology, it is important to avoid too much fine sand particles within the bed; therefore, d 10 and d 60 parameters for the filling material to be procured are requested to be set during the design phase. However, it can happen for several reasons (especially in developing countries) that the availability of sand of the requested texture is not always possible in reality, increasing the risk of issues for the treatment plant in terms of limited infiltration capacity and increased clogging probabilities. Moreover, the realization of large CW treatment plants also increases the risk to have a sand supply not perfectly constant and homogeneous, due to the high quantities involved and the high number of trucks that are reaching the realization works every day for some weeks. Similar problems have led at the Orhei Municipality constructed wetland treatment plant (CWTP) to the placement in a few VF beds of sand with lower grain size than what required by the technical specifications contained in the tender documents. This was mainly due to the difficulties of the selected quarries on the Moldovan territory (characterized by a very poor level of technologies and quality standards as per many developing countries) to guarantee the quality of the sand (both in terms of d 10 and d 60 and about the final washing) accorded initially with the contractor and approved by the supervision team. As a consequence, some of the VF beds have shown lower infiltration capacity compared to design values, leading to some ponding episodes especially during the cold season when hydraulic conductivity is reduced due to the low temperatures. The differences among the physical parameters of the designed, approved, and real sand of the VF beds with lower infiltration capacities are compared in Table 8 , showing a reduction of the hydraulic conductivity up to 56% from the design to the real values.
The real characteristics of the sand are still according to ATV prescriptions, but the d 10 corresponds to the lower limit of 0.2 mm suggested by the norms, as well as the measured hydraulic conductivities on the fields (3-4E-04 m/s) are very close to the lower limit in the range 1E-03-1E-04 contained in the norms. This means that the VF beds can operate under these conditions, but they are more sensitive and prone to clogging in comparison with VFs deigned with more conservative parameters for sand. The issue regarding the sand filling the VF beds was created by a recognized defect in the realization and was fixed by the adaptation of the VF feeding routines (Molle et al. ) , commanded by the SCADA. The feeding scheme was adapted to the measured real hydraulic properties, adopting and testing different loading strategies: firstly, the flush volume was increased, obtaining resting periods higher than 8-10 h; secondly, the VF beds were alternatively loaded, ensuring a resting period of 1 week and a loading period of 1 week, i.e. loading for about 2 months with the available daily flow only two of the existing four VF lines. The second option showed the best results, permitting to manage the design flow. In parallel, several tests with different combinations of gravel and sand supplied from Moldovan quarries were conducted initially at a laboratory scale in a glass column, then on the field on a limited portion of 200 m 2 in a VF bed; the best results has been obtained inserting between the superficial 10 cm gravel layer and the sand layer, a 10 cm pea gravel layer with similar characteristics of the gravel utilized in FRBs. This improvement is going to be realized by APACANAL (the national water company that is managing the CW WWTP) together with the completion works of the sewer. The combination of the new loading strategy with the introduction of a new transition layer seems the most valuable option to manage the issue related to the lower quality of the VF sand, guaranteeing the correct functioning of the VF second stage in the next years. The maintenance of a large and technological wetland system as in Orhei is obviously more complicated than the usual CWs for small settlements or single houses, often operating by gravity and with a very limited usage of mechanical equipment; however, the operational cost remains very low and the greatest part of the maintenance activities are conducted by unskilled workers trained on the plant basic functioning. The operational staff is composed by a supervisor that follows also the electro-mechanical equipment and the water quality monitoring, two simple workers 24/24 h present on the site in order to execute the ordinary maintenance operation and to safeguard the plant against thefts and damages and one SCADA is responsible. 
CONCLUSIONS
The observed removal rates during the first years confirmed the capability of hybrid CWs (namely French VF CWs) to reach very low concentrations at the outlet for all the parameters; moreover, biological removal was good during winter despite the very low temperatures and the coverage of the basins by ice and snow for several weeks, with an organic and solids removal higher than 80% and with a nitrification of 30-50%; removal rate were very high during spring and summer, with COD outlet concentration constantly under 40 mg/L and nitrification almost complete. Moreover, after the first year of commissioning, the removal efficiencies of the CW WWTP were improved, thanks to the optimization of the feeding scheme (needed to face issue related to the quality of the sand which filled the VF second stage beds), the growth of a proper sludge layer on the top of the FRB first stage, and the increase in loading rates. The monitoring of this medium-large scale treatment wetlands system will continue in the next years, to confirm the results obtained in this study also on long-term functioning. In any case, this first study confirms that there are no upper limits for the application of wetland systems for municipal wastewater treatment when land is available at a proper cost. Moreover, the issue of land availability could be solved also in large urban areas by a radical shift from the centralized to a decentralized approach where sanitation and water cycles should be managed in a sustainable way at household or blocks level (semicentralized). In this way, green areas could be allocated also in the urban structure, providing also additional ecosystem services further than water pollution control and wastewater treatment, such as recreational area for social benefits, biodiversity increase, and urban runoff management.
